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The spinal motoneurons innervating a 
limb muscle are heterogeneous: they vary 
in diameter of cell bodies, axons and 
surface area of the dendritic trees, elec- 
trophysiological differences (e.g., input 
resistance, afterhyperpolarization, spike 
threshold) and contractile properties of 
the associated muscle units. Considering 
the range of motoneuron and correspond- 
ing muscle unit properties, the obvious 
question arose about how and which 
motoneurons were selected by the cen- 
tral nervous system for various types 
of contractions and movements. Elwood 
Henneman and his coworkers proposed 
an unequivocal simple pattern in a series 
of papers starting in 1957 from experi- 
ments conducted on reduced cat prepara- 
tions (Henneman, 1957; Henneman et al., 
1974). The Size Principle of motoneu- 
ron recruitment stated that for any net 
excitatory input to the motoneuron pool, 
motoneurons were recruited in an orderly 
fashion, always from small to large. Stein 
and coworkers demonstrated that the size 
principle generalized to voluntary isomet- 
ric contractions in humans, which they 
called Orderly Recruitment (Milner-Brown 
et al., 1973). The literature on this topic 
is well summarized in a recent review by 
Heckman and Enoka (2012). 

Since the publication of Henneman's 
seminal paper in 1957, publications on 
this topic have steadily accumulated. The 
purpose of this short article is to clar- 
ify the basic essence of size ranked or 
orderly recruitment of motoneurons by 
addressing conclusions about the alterna- 
tive: selective recruitment. This requires 
stretching the strict boundaries imposed 
by some authors in understanding the Size 



Principle. For example, the anatomically 
defined motoneuron pools may not always 
coincide with the group of motoneurons 
being excited for a particular task; the pre- 
cision of rank-ordered recruitment sug- 
gested from reduced animal preparations 
(Henneman et al., 1974) may not be that 
precise in a noisy physiological system 
(Stein et al., 2005). Here we elaborate on 
some of the factors that may have lead 
to the conclusions of selective or random 
recruitment. 

Though the size principle was stated 
for a motoneuron pool, the initial obser- 
vations made by Henneman and cowork- 
ers were not restricted to one pool. They 
recorded from ventral roots while stretch- 
ing all triceps surae muscles; the recorded 
activity in individual ventral roots could 
have its origin in any one of the syner- 
gistic pools. One recorded action poten- 
tial could be from soleus and the second 
from gastrocnemius. Yet orderly recruit- 
ment was observed between the collection 
of all motoneurons that were excited by the 
input, specifically the total motoneuron 
population of soleus, medial and lateral 
gastrocnemius (LG) muscles. Likewise, an 
anatomically defined motoneuron pool 
may under certain conditions be com- 
partmentalized into task groups (Riek and 
Bawa, 1992) and orderly recruitment is 
observed within each task group. The 
existence of task groups does not imply 
size independent selective recruitment of 
motor unit types. Wakeling (2009) has 
reported recruitment of different com- 
partments of triceps muscles in goats 
and humans depending on the mechan- 
ics of the movement. Selective recruit- 
ment of different compartments is akin 



to recruitment of different task groups; 
again, this observation does not imply 
selective recruitment if excitatory input 
is restricted to a subset of motoneurons. 
This same line of reasoning applies to the 
condition of fast paw shake in the cat 
(Smith et al., 1980). In these experiments 
EMG activity was observed in the fast LG 
muscle but not in the slow soleus mus- 
cle during the paw shake. This observa- 
tion is often cited as evidence for selective 
recruitment of motor unit types. However, 
there was no discussion as to whether 
the motor units within the LG muscle, 
which is composed of type I and II mus- 
cle fibers, were recruited according to size. 
A subsequent study that included EMG 
sampling from histochemicaUy regional- 
ized muscles showed high activation of 
all muscle regions during paw shaking, 
which is not consistent with preferen- 
tial recruitment of muscle regions rich 
in type II fibers during this condition 
(Chanaud et al., 1991). We suggest that 
when discussing recruitment order, the 
motoneuron pool should be operationally 
defined as the group of motoneurons 
that receive excitatory synaptic input to 
drive the functional movement, not the 
pool of motoneurons defined by anatomy. 
The validity of the Size Principle should 
then be evaluated within this operationally 
defined motoneuron pool to determine 
if recruitment proceeds from small to 
large. 

What do orderly recruitment and selec- 
tive recruitment really mean? The accepted 
narrative is that orderly recruitment of 
motor units from small to large twitch 
force, results in a more precise control 
of force and movement; this precision is 
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more important for small and mid range 
forces. By maintaining the same order 
of recruitment, the central nervous sys- 
tem minimizes the computational load 
across a wide range of desired outputs 
(Henneman et al, 1974). A range of quan- 
titative theoretical studies support this 
qualitative description. For example, Senn 
et al. (1997) used an information theoreti- 
cal approach to demonstrate that orderly 
recruitment maximizes information con- 
tent of motoneuron output that in turn 
minimizes the error in muscle force gener- 
ation. Selective recruitment, on the other 
hand, refers to the hypothesis that under 
certain conditions the central nervous sys- 
tem selects motor units to enhance the 
force and rate of force output irrespec- 
tive of the rank order of the motor unit 
within a motoneuron pool. To achieve this 
goal, selective recruitment may use pref- 
erential inhibition of small motor units. 
The most commonly proposed examples 
of selective recruitment include ballis- 
tic contractions, lengthening contractions 
and the preferential recruitment of fast 
motor units during cutaneous stimula- 
tion. However, empirical evidence from a 
number of laboratories failed to support 
the hypothesis of selective recruitment in 
these conditions (reviewed by Heckman 
and Enoka, 2012). Electrical stimulation 
of some pathways could produce inhibi- 
tion of small motor units and excitation 
of larger motor units. Yet none of the 
behavioral studies demonstrated selective 
recruitment of large units with inhibition 
of the small ones. A possible basis for 
this discrepancy comes from Kernell and 
Hultborn (1990). They proposed that the 
selective excitatory and inhibitory synap- 
tic inputs change the gain of the input- 
output curve of the motoneuron pool. To 
increase the recruitment gain, the small 
motoneurons are biased with inhibitory 
currents. Alternatively, or concurrently, 
the large motoneurons can be biased with 
excitatory currents. The opposite synaptic 
bias scheme can be used to decrease the 
gain. All motoneurons receiving excitatory 
input to drive the final movement, despite 
underlying bias inputs, should be consid- 
ered part of a functionally defined pool of 
motoneurons. In the high gain situation, 
there will be a higher likelihood of ran- 
dom departures from strict recruitment 
as a result of noise — however, the general 



principle of rank ordered recruitment will 
remain. 

Another factor that has contributed to 
a misunderstanding of the orderly recruit- 
ment is the expectation for precise rank 
ordered recruitment (Henneman et al., 
1974). The degree of precision suggested 
from reduced animal preparations is not 
expected to hold for a noisy physiological 
system (Stein et al., 2005). It is important 
to remember that rank-ordered recruit- 
ment was originally defined for move- 
ment under healthy conditions. However, 
in conditions such as ageing, reinnerva- 
tion, pain and fatigue, when precision 
decreases, other processes may obscure 
rank-ordered recruitment. With ageing, 
some motoneurons die leaving behind 
orphaned muscle fibers. The surviving 
motoneurons will sprout new terminals to 
reinnervate some of the orphaned fibers, 
thus changing the size of the muscle 
units (Chan et al., 2001; Gordon et al., 
2004). Under these conditions, the order 
of recruitment wiU be less orderly which 
will lead to a decline in precision of motor 
output. During prolonged contractions in 
healthy adults, it has been shown that 
motoneurons fatigue and rotation of activ- 
ity occurs among motor units (Manning 
et al., 2010). If rotation occurs among 
almost similar sized motor units, precision 
will remain unaffected. However, rotation 
among motor units of quite different sizes 
would increase the noise in motor out- 
put. Another example of disrupted rank 
ordered recruitment is the activity of 
motor units during pain (Tucker et al, 
2009). These examples are not evidence for 
selective recruitment, but rather a decrease 
in precision of rank-ordered recruitment. 
In our experience the situation in which 
common sense reasoning favors selective 
recruitment is movements with maximum 
velocity over a short period of time: a 
ballistic movement. The reasoning is that 
slow motor units impede ballistic move- 
ments while exclusive recruitment of fast 
units would be optimal. However a recent 
study demonstrated that the recruitment 
of slow motor units does not pose any such 
problem (Hoh et al, 2014). 

The ultimate meaning of recruitment 
order lies in the force output of the 
entire musculoskeletal system for the 
purpose of behaviorally relevant move- 
ments. Clearly in laboratory conditions 



with simple muscles and a limited set 
of contractions, recruitment is orderly 
in terms of force (Milner-Brown et al., 
1973; Calancie and Bawa, 1985; Zajac 
and Faden, 1985; Riek and Bawa, 1992; 
Jones et al, 1993). In biomechanically 
complex musculotendon-skeletal systems, 
accurately measuring the size of a motor 
unit may be difficult (Clamann and 
Schelhorn, 1988; Bodine-Fowler et al, 
1990; Roy et al, 1995). The challenge for 
the field is to measure size and recruit- 
ment order, over relevant ranges of force 
during ecologically valid behavior (Jones 
et al, 1994). Until this is done, the 
question remains whether the laboratory 
defined size principle of orderly recruitment 
wiU generalize to movements of everyday 
Hfe. 
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